Abstract -This review is focused on studies of vitamin E in immunity and reproductive performance in pigs. There are reports that vitamin E can have a positive effect on some parameters of the immune system in pigs. The optimal level of vitamin E needed to improve the immune system has not been determined because of several factors such as the composition of the diet, feed consumption, the rate of animal growth and living conditions or stress. Moreover, the way of action of vitamin E in enhancing immunity is still unclear but according to reports it may have antioxidant properties as well as an immunomodulator effect. In several studies, an increase in litter size and a reduction of preweaning piglet mortality have resulted from increasing dietary vitamin E intake during gestation or by intramuscular injection of vitamin E and/or selenium. However, according to reports, the positive effect of vitamin E on reproductive performance remains unclear due to the low number of animals used in most experiments.
INTRODUCTION
Vitamin E is a lipid soluble vitamin and is the generic name for all tocol and tocotrienol derivates that exhibit different degrees of biological activity [1] , with α-tocopherol being the most biologically active, accounting for approximately 90-100% of the vitamin E found in tissue [2] . α-Tocopherol is an indispensable component of biological membranes with membrane-stabilising properties [3] . Vitamin E is absorbed through fat digestion facilitated by the emulsification process of bile and pancreatic lipase, whether vitamin E is present as a free alcohol or as the esterified form in the small intestine [4] [5] [6] .
Tocopherols are transported in the blood by plasma lipoproteins. Although tocopherols are found in all lipoproteins, most are transported in the LDL lipoprotein fraction [7, 8] . The intracellular transport of vitamin E in the liver appears to involve specific tocopherol-binding proteins (TBP). TBP have been found to affect the transfer of vitamin E from the cytoplasm to the endoplasmic reticulum and mitochondria. In addition, intracellular vitamin E-binding lipoproteins have been identified in several tissues (liver, heart, brain, intestinal mucosa), and appear to participate in the intracellular transport of tocopherols [1, 8] .
Vitamin E is an important constituent of all the membranes found in cells including the plasma, mitochondrial and nuclear membranes [7, 9, 10] . Vitamin E is the major chain-breaking antioxidant in the body tissues and is considered the first line of defence against lipid peroxidation, protecting cell membranes at an early stage of free radical attack through its free radical scavenging activity. If vitamin E is absent from the diet one would predict damage to cell membranes including immune and reproductive cells. This review was focused on studies of vitamin E in immunity and reproductive performance in pigs because there are several reports which suggest that vitamin E has a positive effect on some parameters of cellular and humoral response as well as on reproductive performance (litter size, mortality, piglet weight at birth and/or at weaning).
INDICATORS OF VITAMIN E STATUS
Vitamin E (α-tocopherol) status is commonly assessed by measuring plasma (or serum) concentration. In most species including pigs it has been shown that there is a strong correlation between plasma and liver levels of α-tocopherol, and between dietary α-tocopherol intake and plasma levels. In pigs, the plasma, tissues, colostrum and milk concentrations of vitamin E are highly responsive and directly correlated with changes in the dietary vitamin E intake. The data presented in Table I show that by increasing dietary α-tocopherol levels, vitamin E concentration in sow plasma, colostrum and milk, piglet serum and in different tissues is increased. Thus, these indices are frequently used to assess vitamin E status and availability [11] [12] [13] [14] . Vitamin E is transported into the bloodstream by lowdensity lipoproteins and although the amount in transport varies with the time of recent food absorption, it is a reasonably good indicator of status. Therefore, it is important to take into account the timing of blood sampling after feeding when blood is used to determine the vitamin E status.
TOXICITY
Vitamin E toxicity has not been demonstrated in swine. Levels as high as 1.2 g·day -1 in diets have been fed to growing-finishing pigs without showing toxic effects [15] . No signs of toxic effects have been reported in studies on rats, chicks and humans using vitamin E in the range of 1000-2000 mg·kg -1 of diet [1, 5, 16] .
BIOLOGICAL EFFECTS OF VITAMIN E

Vitamin E as an antioxidant
One of the most important functions of vitamin E (α-tocopherol) is as an antioxidant in biological membranes where it protects polyunsaturated fatty acids and other components of cellular membranes from oxidation by free radicals [1, 17] .
If lipid hydroperoxides are formed in the absence of an adequate supply of tocopherols, direct cellular damage can result [18] . Vitamin E reacts as a chain-breaking antioxidant, thereby neutralising free radicals and preventing the oxidation of lipids within membranes. The consequences of lipid peroxidation include damage to membranes, inhibition of enzyme activity and accumulation of reaction products [6] . There is a clear relationship between the biological activity of the tocopherols and their antioxidant activity [1] .
The antioxidant property of vitamin E ensures the stability of the membranes of blood components such as erythrocytes, 398 A. Pinelli-Saavedra Table I . Concentration of α-tocopherol in tissues in pigs fed with different levels of vitamin E (dl-α-tocopherol acetate).
Vitamin E in diets (mg·kg Heart (µg·g ) which act as prooxidants. The latter makes the membrane lipids more susceptible to peroxidation, under circumstances of high oxygen concentration. When antioxidant defences in the blood are deficient, the susceptibility of erythrocytes to oxidative stress is increased and free radicals may attack their membranes leading to their oxidative destruction [1, 17, 19] .
Normally, there is a fine balance between the amount of free radicals generated in the body and the supply of antioxidants to protect against them. Thus the excess production of free radicals, or the lack of antioxidant protection, can shift this balance in favour of oxidative stress. It is now well recognised that oxidative stress plays a major role in many degenerative pathologies [20] . Free radical formation is considered as a pathobiochemical mechanism which is involved in the initiation phase of various human diseases, including cardiovascular diseases, some forms of cancer, muscular degeneration and a variety of neurodegenerative diseases. There are little data available on the effects of free radical overproduction and lipid peroxidation on animal health. It is known that the animal body is under constant attack from free radicals formed as a natural consequence of the body's metabolic activity and as part of the immune system's strategy for destroying invading microorganisms. It is widely believed that the antioxidant defence mechanisms used in animals are similar to those described for humans [21] .
Vitamin E and immunity
Immunoadjuvant
DL-α-tocopherol acetate is a viscous oil that can be emulsified with an aqueous antigen to form a water in oil, oil in water, or double emulsion. Such adjuvants can be delivered directly to the tissues. In vaccination, such adjuvants may boost the immune response to weakly immunogenic antigens, as is the case with many protein antigens [22] .
When vitamin E is in the oil phase in such an adjuvant, it is in close contact with antigen-processing cells and accessory cells that are attracted to the sites of injections by chemotaxis (peripheral mononuclear cells, lymphocytes and macrophages). This contact with the high local concentration of vitamin E (e.g. approximately 116 mg α-tocopherol per dose used) [23, 24] , at the site of action assures the most favourable immunoenhancing effect of the vitamin, far more effectively than is possible by its dietary administration [25] .
It has been reported that the inclusion of vitamin E in a vaccination mixture results in an increase in the antibody titer and increases protection from infection in vitamin E adjuvant-vaccinated rams when given a Brucella ovis vaccine [26] . Also vitamin E has been successfully tested as an adjuvant in chicks showing, a significant improvement in antibody titers to Newcastle disease virus and E. coli antigens in the groups receiving the injection [23, 24] . No data are available for pigs.
Supplementation with vitamin E and the immune response
It has been suggested that vitamin E supplementation of diets has a considerable potential as a method of conferring increased resistance in the sow and the neonatal pig to enteric diseases such as E. coli, which is one of the most common diseases in the neonate and contributes to pre-weaning mortality [27] .
Previous studies have shown that vitamin E supplementation of sow diets improves the immune response of sows and piglets. Vitamin E supplementation of weaned 400 A. Pinelli-Saavedra pigs (4-5 weeks of age) with 220 mg·kg -1 of diet caused a significant increase in the antibody titre to a challenge with sheep red blood cells in weaned piglets (initial liveweight 7.0 kg). The data suggest an effect of vitamin E on the responsiveness of the humoral immune system [28] . In contrast, in pigs reared from 6 to 26 kg liveweight and supplemented with 210 mg of vit E·kg -1 of diet and nursed by sows fed the National Research Council (NRC) estimated nutrient requirement for vitamin E and selenium. Bonnette [29] found no change in the antibody titer to a challenge with red blood cells. The differences between the two studies may have been due to differences in the initial concentration of serum vitamin E which in the case of Bonnette [29] was 20 µg·mL -1 compared to 4 µg·mL
in the study of Peplowsky [28] . Recently, newborn piglets were injected with 500 mg and 1000 mg of vitamin E and 10 mg of keyhole limpet haemocyanin (KLH) at 7 and 14 days of age. The antibody titres to the KLH challenge in the vitamin E injected piglets were significantly (P < 0.05) higher than in the control piglets at day 21 (17 vs. 2) and day 28 (1216 vs. 261). These treatments increased the α-tocopherol concentration in the plasma from 2.52 to 7.22 µg·mL -1 [30] .
The supplementation of the diet with vitamin E in order to enhance the response to vaccines has been poorly studied. In an earlier study, a positive effect to vitamin E supplementation (100 mg·kg -1 feed) of pigs given an intramuscular injection of an Escherichia coli bacterin was found. In this experiment, the group supplemented with vitamin E developed two-to-three fold higher anti-E coli serum antibody titers than those of the controls [31] .
Cell-mediated immune responses to vitamin E supplementation have also been reported in pigs. An increased phytohaemagglutinin (PHA)-response in lymphocytes in pigs (20-90 kg) supplemented with vitamin E at a level of 40 mg·day -1 and selenium at levels of 0.5 and 0.1 ppm has been reported [32] . Vitamin E supplementation enhanced the mitogen response at both levels of selenium tested. The results showed that the group supplemented with vitamin E and no selenium gave a significantly greater response to PHA compared with the group supplemented with selenium alone but gave a significantly lower response than the groups supplemented with both selenium and vitamin E [32] . In another study, it was found that a high level of vitamin E (136 mg α-tocopherol·kg -1 diet) and 0.1 mg Se·kg -1 in the sow diet influenced vitamin E concentration in the serum of piglets during the first days of lactation. The results indicate that immunisation with ovalbumin shows an increased humoral response (P < 0.05) 1 week after immunisation in pigs (5 weeks of age) from sows fed a high level of vitamin E. The results also suggest that the humoral response of pigs after weaning is increased by a carryover effect during lactation from sow diets containing a high level of vitamin E [33] . Dietary restriction of vitamin E in sow diets has been reported to depress peripheral blood lymphocytes and polymorphonuclear cell (PMN) immune functions whereas selenium restriction depresses mainly the PMN function [34] . This implies that if gestating sows do not obtain adequate vitamin E and/or selenium, they and their piglets are more susceptible to disease processes in the peripartum period. Although selenium restriction primarily impairs neutrophil function, vitamin E restriction affects both neutrophils and lymphocytes. Another study showed that only high levels of supplementation with vitamin E (110 and 220 mg·kg -1 diet) in sow diets show a significantly (P < 0.05) higher cellular immune response to PHA and concanavalin A (Con A) stimulation of lymphocytes in the piglet at 28 days of age but not in the dams [35] .
Also the effect of vitamin E on the cellular and humoral response has been studied in other species such as humans, cows and calves, sheep, and mice [25, [36] [37] [38] [39] [40] [41] [42] [43] . Moreover, the immunodulatory property of vitamin E has been reported. These reports show that vitamin E may promote T cell helper 1 (Th1) differentiation and reduces interleukin-4 (IL-4) secretion [44] [45] [46] [47] [48] [49] . In pigs, no data are available.
The optimal level of vitamin E needed to improve the immune system is still not clear. Early studies indicate that dietary α-tocopherol (vitamin E) requirements for maintenance of optimal immune responsiveness in animals may be higher than the levels recommended for normal growth and reproduction. Dietary supplementation with 2-10 times more than the currently recommended level of vitamin E significantly increases humoral and cell-mediated immune responses and phagocytic functions in laboratory and farm animals including pigs and increases their resistance to infectious disease [50] . More recently, however, it has been reported in sows, turkey, and chicken that high levels of vitamin E have no effect on immune response [35, 51] .
VITAMIN E AND REPRODUCTIVE PERFORMANCE
In several studies, increased litter size and reduced preweaning piglet mortality result from increasing sow dietary vitamin E intake during gestation [52, 53] or by intramuscular injections of vitamin E and selenium [54] [55] [56] . In Table II the data of reports show an increase in litter size and piglet weight at birth after vitamin E with selenium supplementation. In contrast, supplementation of vitamin E alone did not have an effect at birth but there was an increase on litter size at weaning.
Mahan [53] fed gilts with Se and dl-α-tocopherol acetate supplemented in feed over three parities. Litter size at birth was increased in the gilts supplemented with vitamin E compared with the control.
In the study of Chavez et al. [54] , a basal diet containing a total of 0.1 ppm Se and 15 mg vitamin E·kg -1 feed was used as the control. The sows in this single parity study were distributed into three groups: the basal diet; basal diet plus intramuscular injections containing 3 mg Se and 408 mg dl-α-tocopherol and the third group which received the same injection schedule and an additional injection when the litter was weaned or approximately one week prior to artificial insemination. The injected groups had significantly different reproductive performances (litter size at birth and at weaning, total litter weight at birth, and mortality) compared to the non-injected animals for litter size at birth, live at weaning and total litter at birth and as well as a lower piglet mortality at birth. There was no significant difference between the control and the injected animals in mortality at weaning. The authors suggest that supplementation via periodic injections of vitamin E and selenium may result in increased litter size both at birth and weaning, as well as an increase in litter weight at birth [54] .
Migdal and Kackzmarczyk [56] showed that the body weight of the piglets at birth from sows injected with Se and α-tocopherol on 7 and 21 days before farrowing was significantly higher (P < 0.05) compared with the control group. Piglets from sows injected on day 21 and from sows injected on days 21 and 7 had significantly higher average daily weight gain from 1 day to 21 days of age compared with the control group. The mortality of piglets up to the age of 21 days from sows injected on day 21 was significantly lower (5.06%) compared to piglets from sows in the control group (8.24%). There were no differences in the litter size between the treatments. The authors concluded that the injection of Se and vitamin E in gestation results in a higher survival rate and better growth, in spite of the fact that daily diets (control) met requirements for these components [56] .
Mavromatis et al. [55] , reported that sows receiving a basal diet plus 30 mg α-tocopherol·kg -1 feed of plus three intramuscular selenium injections of 30 mg on days 30, 60 and 90 of gestation had the highest number 402 A. Pinelli-Saavedra of weaned piglets and had a significantly higher (P < 0.05) litter size at birth and weaning compared to the other treatments and control. The difference in the average number of 1.06 weaned piglets/litter between the group of sows given the basal diet plus 30 mg α-tocopherol·kg -1 feed plus three intramuscular selenium injections of 30 mg on days 30, 60 and 90 of gestation and the other groups was significantly higher as well as piglet weight at birth and weaning. The mortality of piglets from sows supplemented with α-tocopherol and injected 3 mg selenium twenty-one days before farrowing was significantly lower (5.06%) compared to piglets from sows in the control group (8.24%).The authors concluded that Se supplementation was less effective than either α-tocopherol supplementation alone or the combined supplementation of Se and α-tocopherol (50 mg·kg -1 feed) in the feed of pregnant and lactating sows [55] .
In contrast, another study comparing control and semipurified diets containing 100 mg α-tocopherol·kg -1 feed and 50 µg Se·kg -1 feed fed to pregnant gilts, showed no evidence of differences in reproductive performance. A trend existed for a larger litter size in the supplemented groups but a definitive conclusion could not be made because of the small number of sows used per treatment (n = 4) [57] . Other authors showed a similar a lack of response in litter size and weight to dietary vitamin E supplementation over one parity [27, 58] .
It has been proposed that vitamin E in reproduction acts as an antioxidant with other enzyme systems like glutathione peroxidase, in order to protect the cell's reproductive system. Selenium is an important component of glutathione peroxidase. While vitamin E scavenges radicals within the membrane phase, glutathione peroxidase blocks the initiation of lipid peroxidation from within the soluble phase of the cell. Therefore vitamin E and selenium act in synchrony to prevent cell lipid peroxidation from oxygen radicals that are produced in reproductive organs like the corpus luteum during regression. The ovarian content of vitamin E changes dramatically during development and functional regression of the corpus luteum [2, 59] . However, it has reported in female mice that vitamin E and vitamin C may have an effect on fertility [60] .
PLACENTAL TRANSFER OF VITAMIN E
The status of vitamin E in the newborn piglet will depend on its dam. It is known that immediately after birth, the vitamin E content in the serum is increased after suckling colostrum and milk, but there is little evidence concerning the placental transfer of vitamin E which could determine the vitamin E status of the newborn. It has been reported that the concentration of serum α-tocopherol in unsuckled newborn piglets is several fold higher than that of their dams, strongly suggesting an efficient placental transfer of vitamin E even when the dams are not supplemented with the vitamin [57] . However, most reports have suggested that, prior to nursing, the α-tocopherol concentration in the serum of neonatal piglets is low whether or not the dam is provided with adequate or supplemented dietary levels of vitamin E during gestation [30, [61] [62] [63] [64] . The low plasma and tissue levels of α-tocopherol in new-born pigs suggests a low rate of vitamin E transfer across the placenta which is not influenced by the dietary supplementation of the sow during pregnancy. Two studies have reported that α-tocopherol concentrations of the neonate before nursing increase when the supplementary level of vitamin E in sow diets is increased but placental transfer of vitamin E is low [53, 65] .
In other species like dairy calves and lambs, little transfer of vitamin E via the placenta has been reported [66] [67] [68] [69] . In a study, supplemented ewes with dl-tocopheryl acetate (0, 15, 30 and 60 mg each day) from 404 A. Pinelli-Saavedra day 28 prepartum to day 28 postpartum showed that supplementation with vitamin E has no effect on serum α-tocopherol content in neonatal lambs (0.66 µg·mL -1 ) indicating an inefficient placental transfer. Serum α-tocopherol content increases for the supplemented ewes after colostrum intake. In humans, poor placental transfer has been found [67] . In addition, supplementation with vitamin E increases the concentration of α-tocopherol in plasma and red blood cells in the mothers but the plasma vitamin E content is very low in the neonates after supplementation with vitamin E (1 g α-tocopherol·day -1 ) in 10 pregnant women for 3 days before delivery. It is concluded that the transfer of vitamin E through the placental barrier is very low [70] . The mechanism by which vitamin E is transferred via the placenta is still not clear.
CONCLUSION
In this review dietary supplementation or injection of vitamin E with selenium shows a positive effect on reproductive performance rather than vitamin E alone. To enhance the immune system it is necessary to increase (2-10 times) the dietary amount of vitamin E above the recommended level. However, to date it has been found that the variation of the effect of vitamin E on reproductive performance and on immunity depends on several factors such as the route of supplementation (injection and/or dietary), vitamin E status, the duration of supplementation, composition of the diet, feed consumption, rate of growth, animal pro duction and living conditions, stress, crowding and an environment making the recommendation of an optimal level of vitamin E supplementation in pig diets difficult. Thus, it is important to continue research on vitamin E and its relation to immunity, specifically its effects as an immunomodulator and on reproductive performance in pigs, using combinations of selenium for different periods and/or using a large number of animals.
